INTRODUCTION
Superoxide anion (02-)' is produced during a variety of intracellular oxidation-reduction reactions by the univalent reduction of molecular oxygen (1). Superoxide can then generate hydrogen peroxide (H202): 02-+ 02-+ 2H+ -* H202 +02 and the hydroxyl radical (OH ):H202 + 02-OH + OH-+02 (2) . H202 may also be produced by the direct two-electron reduction of oxygen. 02-, H202, and OH are highly reactive molecules which could potentially damage surrounding cellular structures and subcellular organelles. Aerotolerant cells have the enzymes superoxide dismutase (SOD) (1) and catalase which can reduce the concentration of 02-+ H202 and thereby protect the cell. However, these intracellular enzymes cannot protect cells from attack by extracellular sources of reduced oxygen or free radicals. Recently, both 02-and H202 have been shown to diffuse from granulocytes during phagocytosis (3, 4) . These observations suggest at least one source of extracellular oxidants which could damage other blood cells and neighboring vascular tissue.
In support of this hypothesis, a high (millimolar) concentration of H202 has been reported to cause platelet aggregation (5) . Lower (micromolar) concentrations of H202 diffusing from activated leukocytes may hemolyse red cells from patients with glucose-6-phosphate dehydrogenase deficiency (6) and may decrease platelet aggregation in response to ADP (7) . Finally, Salin and McCord have observed that added SOD can protect both joint fluid from damage by phagocytosing granulocytes and the phago- To label platelets with "Cr, the pellet was suspended in 0.5-1 ml of platelet-poor plasma containing 100 ,uCi "'Cr and then incubated at 37°C for 30 min. The platelets were then diluted with 5-10 ml plasma, recentrifuged at 500g for 10 min, and then suspended in KRP. An average of 8% of the "Cr was taken up by the platelets. With the procedures outlined above, 64+4% (x±SEM) of the total platelets was harvested with an average of one leukocyte and five erythrocytes/1,000 platelets. There was no visible aggregation and rare aggregates of two to five platelets were seen under phase-contrast microscope examination.
Measurement of O2 production. Before use, xanthine oxidase, SOD, and catalase were dialyzed against KRP buffer. 2-was generated by incubating 0.15 mM xanthine with varying concentrations of xanthine oxidase. The flux of 02-was quantitated by measuring the rate at which 02-donates an electron to reduce ferricytochrome c as described by McCord and Fridovich. (10) , Specificity of the reduction reaction was measured by including control mixtures containing an excess of the O2 scavenger SOD. This enzyme competitively inhibits 02--dependent reduction of cytochrome c (10). Calculations were based on an e 550 nm reduced-oxidized for cytochrome c of 15,500 M-l cm-' (11). The reaction was followed in a Gilford model 2400 spectrophotometer (Gilford Instruments Laboratories Inc., Oberlin, Ohio) that had been adjusted for maximal absorbance at 550 nm with dithionite-reduced cytochrome c. Catalase activity was measured from the rate of change in absorbance at 260 nm, after the addition of measured quantities of H202 (12) .
Measurement of Malonyldialdehyde. Malonyldialdehyde (MDA) was measured by the thiobarbituric acid reaction (13). 1 ml of 7% perchloric acid was added to 1 ml of KRP buffer containing 2 x 109 platelets, followed by 1 ml 0.5% thiobarbituric acid (TBA). The mixtures were then placed in a boiling water bath for 10 min, centrifuged at 500g for 10 min, the supemate aspirated, and its absorbance at 548 nm determined. If necessary, turbidity was removed by extraction with one part chloroform for three parts of reaction mixture. A standard curve was constructed using authentic MDA produced by ovemight hydrolysis of 1,1,3,3,-tetraethoxypropane in 1 N HCI (14) . The yield of MDA was estimated using the e of 1.45 x 10' M-l cm-' and found to be stoichiometric.
Measurement of platelet aggregation and release. Platelets were added to 0.5-1 ml KRP buffer containing xanthine, xanthine oxidase, and, where indicated, SOD, catalase, or mannitol. For some experiments, platelets were preincubated for 15 min with ASA, indomethacin, dibutyryl cyclic AMP, or PGE, before admixture with xanthine and xanthine oxidase. The reaction was stopped by adding 1 ml ice-cold 2 mM EDTA in 0.15 M NaCl and placing the tubes in a melting ice bath. Platelets were then collected by filtration under reduced pressure onto 0.45-,um Millipore filters (HAWP-25 Millipore Corp., Bedford, Mass.) that had been presoaked in 0.2% bovine serum albumin as described by Tollefson et al. (15) . The filters were then washed with 10 ml KRP, dried at 80°C in a circulating air oven, and placed in 10 ml scintillation fluid. Each liter of fluid contained 340 ml Triton X-100, 11 
RESULTS
Platelet release and aggregation. As shown in Table I , the addition of washed platelets to KRP buffer that contained 0.15 mM xanthine and 150 ,ug/ml xanthine oxidase caused them to release [14C]-serotonin. Induction of the release reaction was prevented by omitting the xanthine or xanthine oxidase or by inactivating the enzyme by boiling for 30s. Release was also prevented by including the 02-scavenger SOD in the incubation mixture before the addition of platelets. Addition of SOD inactivated by autoclaving at 124°C for 10 min did not inhibit release of [14C]serotonin by the xanthine-xanthine oxidase mixture. Addition of 40 ug/ml catalase or 1 mM mannitol, a free radical scavenger, to the xanthinexanthine oxidase mixture did not inhibit the release reaction.
As shown in Fig. 1 , the quantity of ['4C]serotonin released during incubation with xanthine-xanthine oxidase was influenced by the flux of 02-generated and the duration of exposure to 02-After incubation of platelets with a flux of 48 nmol O2-/min per ml, there was maximal release of [14C]serotonin within 3 min (Fig. la) The combined effect of thrombin and 02-on platelet release. The effect of prior exposure to a low flux of 02-on the subsequent release reaction induced by incubation with thrombin was then evaluated. The relationship between thrombin concentration and the release of [14C]serotonin for platelets suspended in KRP buffer is depicted in Fig. 4 . As noted, detectable release required the addition of at least 0.02 U/ml thrombin to the platelet suspensions and maximal release required over 0.1 U/ml.
To study the combined effects of thrombin and 02-, platelets were first incubated with 20 and thrombin is depicted. Platelets were initially exposed to 20 ,ug/ml xanthine oxidase for 5 min. This produced a flux of 10 nmol 02/min per ml. Then 0.002 U/ml thrombin was added and the incubation continued for 5 min. Control incubations contained xanthine oxidase that had been heated in boiling water for 30 s.
gation are not the result of generalized platelet injury or lysis.
Interpretation of the patterns of isotope release after platelet exposure to the xanthine-xanthine oxidase mixture is complicated by the observation that, after prolonged incubation, there is also some leakage of 51Cr from the platelet. Since this is prevented by catalase and not by SOD, it is probably due to H202 produced during the incubation. H202, which arises from the spontaneous dismutation of 02-, or by the direct two-electron reduction of oxygen, could directly damage the platelet membrane and allow leakage of 51Cr. Alternatively, the H202 produced might react with additional 02-via the Haber-Weiss pathway to produce the OH-radical which could then attack the platelet membrane (2) . Although OH-has been implicated in a number of different types of tissue damage (8, 9) , it does not appear to play a major role in the platelet reactions studied here, as addition of the OH-scavenger mannitol did not inhibit the release of [14C]serotonin or the leakage of 5'Cr.
Platelet aggregation and release induced by a variety of stimuli are modulated, by the intraplatelet content of cyclic AMP and by the production of prostaglandin endoperoxide derivatives such as thromboxane A2 (17) (18) (19) . In our experiments, release induced by 2-was inhibited by agents which increased intracellular cyclic AMP, such as dibutyryl cyclic AMP or PGE1, but was not inhibited by the prostaglandin synthetase inhibitors ASA or indomethacin. In addition, MDA production did not increase after incubation with sufficient xanthine-xanthine oxidase to produce platelet aggregation and release.
It was anticipated that MDA might also arise from direct peroxidation of platelet membrane lipids after exposure to the 2-and OH-generated during the oxidation of xanthine. For example, Fong et al. (20) 964 R. l. Handin, R. Karabin, and G. J. Boxer reported that liver lysosomes leaked hydrolytic enzymes after incubation with xanthine xanthine oxidase. Damage to these lysosomes was accompanied by lipid peroxidation as measured by the production of MDA, and optimal MDA reactivity required the presence of ADP and FeCl3. Kellogg and Fridovich have recently pointed out that color intensity in the TBA test is influenced by the presence of iron salts (21) . Thus, increased color in the presence of iron may not represent a true increase in lipid peroxidation but an increase in color yield from a fixed amount of lipid peroxide. In our studies, the increase in apparent MDA formation induced by incubation of platelets with ferric chloride occurred without the addition of the enzyme mixture generating O2-suggesting a direct effect of the iron salt. The fact that release occurred in platelets pretreated with ASA and indomethacin is additional evidence that the prostaglandin endoperoxide pathway is not utilized. It is possible that we did not detect small amounts of lipid peroxidation or prostaglandin production since we did not directly measure these compounds. Measurement of conjugated diene formation or iodimetric titration of lipid hydroperoxides and radioimmunoassay of prostaglandins (22) (23) (24) would be of interest. However, the most logical inference of our experiments is that neither of the two possible pathways for MDA production were stimulated by 02 or any of its secondary products.
Since O2--induced release is inhibited by increasing the intraplatelet level of cyclic AMP, it is possible the O2-might exert its effect via the adenyl cyclase system. Thrombin, and other aggregating agents, clearly inhibit adenyl cyclase activity (25) (26) (27) . The fact that thrombin also synergizes with O2 to produce aggregation and release suggests that the two stimuli may act on similar or closely related membrane sites. Such synergistic effects have been observed when platelets are exposed to other combinations of aggregating agents (28, 29) .
The physiological significance of the 02 platelet interaction has not been completely defined by these experiments. All aerobic cells generate 2-and contain both mitochondrial and cytoplasmic forms of SOD to scavenge any 02 that is generated (1). Since SOD is an intracellular enzyme, it will not prevent external O2-from reaching cell membranes. There is increasing evidence that O2-which may be produced at membrane sites by pyridine nucleotide-dependent oxidase enzymes, diffuses from activated leukocytes and could potentially reach other blood cells (3, 30) . The flux produced by activated granulocytes is within the range that potentiated platelet aggregation and release in our experimental system (3) . The quantity would not be high enough to directly induce aggregation and release. It is not known if this concentration of 02-is ever achieved in the microcirculation. However, it is possible that this amount of 02-could be generated in areas of vessel injury or inflammation in which granulocytes accumulate.
02-may be useful in the study of platelet aggregation or release since its effect on the platelet is similar to high concentrations of thrombin, in at least one respect-it will stimulate release in the presence of prostaglandin synthetase inhibitors. Whether 02-induces aggregation and release by the oxidation or reduction of multiple membrane sites by a more selective effect on membrane-associated enzymes, or in other ways, is a useful project for future studies.
